Simultaneous recording of electrophysiology and functional magnetic resonance imaging (fMRI) is a technique of growing importance in neuroscience. Rapidly evolving clinical and scientific requirements have created a need for hardware and software that can be customized for specific applications. Hardware may require customization to enable a variety of recording types (e.g., electroencephalogram, local field potentials, or multi-unit activity) while meeting the stringent and costly requirements of MRI safety and compatibility. Real-time signal processing tools are an enabling technology for studies of learning, attention, sleep, epilepsy, neurofeedback, and neuropharmacology, yet real-time signal processing tools are difficult to develop. We describe an open-source system for simultaneous electrophysiology and fMRI featuring low-noise (<0.6 V p-p input noise), electromagnetic compatibility for MRI (tested up to 7 T), and user-programmable real-time signal processing. The hardware distribution provides the complete specifications required to build an MRI-compatible electrophysiological data acquisition system, including circuit schematics, print circuit board (PCB) layouts, Gerber files for PCB fabrication and robotic assembly, a bill of materials with part numbers, data sheets, and vendor information, and test procedures. The software facilitates rapid implementation of real-time signal processing algorithms. This system has been used in human EEG/fMRI studies at 3 and 7 T examining the auditory system, visual system, sleep physiology, and anesthesia, as well as in intracranial electrophysiological studies of the non-human primate visual system during 3 T fMRI, and in human hyperbaric physiology studies at depths of up to 300 feet below sea level.
Introduction
Simultaneous recording of electrophysiology during functional magnetic resonance imaging (fMRI) is a technique of increasing importance in brain imaging research. Commercial solutions exist for data acquisition and analysis of these data, but with the rapid development of new neuroscience and clinical applications, there is a growing need for end-user customization of both hardware and software for data acquisition and real-time processing. In many studies, hardware customization may be necessary to meet application-specific requirements for acquisition bandwidth, number of channels, amplifier configurations, and other hardware design specifications. Software customization is also an important feature for many applications, particularly for those that require real-time processing of acquired data. For studies exam-ining epilepsy, sleep, or drug effects, for example, the ability to observe the study subject's electrophysiological state in real-time is essential for success (e.g., epileptic spiking activity, sleep stage, etc.) (Lemieux et al., 2001; Portas et al., 2000; Schomer et al., 2000) . Such real-time observations would allow the investigator to be certain that an adequate amount of data are being recorded in each desired electrophysiological state during an experiment. ERP studies conducted simultaneously with fMRI would benefit in a similar way from real-time processing, since the duration of a scan could be adjusted to ensure that an adequate number of trials were observed. Real-time processing is also required for biofeedback studies, where study subjects must be able to observe, with minimal delay, their own electrophysiological state to permit feedback control (Basmajian, 1981; Delorme and Makeig, 2003; Fox, 1979; Herrmann et al., 2004; Hill and Raab, 2005; Riddle and Baker, 2005; Sinkjaer et al., 2003) .
Instrument design for electrophysiological recording during MRI is difficult due to the presence of the large static and gradient magnetic fields, and radiofrequency fields, each of which introduces Administration, 1997; HuangHellinger et al., 1995; Ives et al., 1993; Lemieux et al., 1997; Chen, 2001; Bonmassar et al., 2001; Angelone et al., 2004 Angelone et al., , 2006 . These complications are summarized in Table 1 . Hard-tofind non-ferromagnetic components must be used throughout the design to minimize complications from the static magnetic field. Print circuit boards (PCBs) must be designed to minimize pickup of gradient artifacts and transmission of RF interference, and electrodes and electrode leads must be made with special materials to prevent RF heating and minimize susceptibility artifacts . A number of strategies exist for removing the magnetic gradient artifact, ranging from subtraction of a template waveform Niazy et al., 2005) to synchronization of the electrophysiological sampling with gradient switching (Goldman et al., 2000; Anami et al., 2003; Mandelkow et al., 2006) . In all cases, the dynamic range of the instrument must be large enough to record the gradient artifact without saturation or distortion. Ballistocardiogram artifacts, EEG artifacts induced by cardiopusatile motion within the static magnetic field, remain a problem, and can be removed with post-processing methods (Allen et al., 1998; Bonmassar et al., 2002; Niazy et al., 2005) or reduced in amplitude by using specially designed EEG electrodes or head restraint methods (Anami et al., 2003) . Table 2 summarizes additional performance characteristics that are needed for electrophysiological recording within the MRI environment. Development of data acquisition and real-time processing software is also challenging, since the software must interact at a low-level with hardware and hardware drivers, and work quickly enough to keep up with acquired data, while maintaining high-level functionality for ease of use and customization. One way to facilitate hardware and software customization and development would be to make the hardware and software freely available in an open-source fashion. For software, the open-source model has been extremely successful by facilitating collaboration between large groups of researchers and developers, with few requirements for success beyond a computer and programming knowledge. With hardware, the analogous open-source concept is more challenging. While it is easy to distribute and modify circuit schematics, if the hardware are sufficiently complex, the ability to reduce the design to practice, through multiple design and construction steps (circuit, PCB, components, etc.) becomes a limiting factor. Ongoing developments in electronics construction technology, such as 3D printers and circuit printers, are reducing these limitations by allowing automated construction of electronic circuits and systems based on construction files (e.g., Gerber files, robotic assembly files) that fully specify the system (Chalamala and Temple, 2005; Mei et al., 2005; Mikhak et al., 2002) . To make opensource hardware reducible to practice in the way that open-source software is, open-source hardware would need to include not only schematics for the circuit designs, but also an integrated library of construction files that would allow end-users to construct the hardware using largely automated methods, and a means to compile these files in an organized way with successive design changes.
In this paper we describe an open-source hardware and software system for acquisition and real-time processing of electrophysiology during high-field MRI (up to 7 T). We have named this system "High Field One" (HF-1). A novel aspect of this work is that all elements of the system have been gathered together into a comprehensive, freely available open-source distribution. The hardware has been designed to minimize electromagnetic interference (EMI) between the data acquisition device and the MRI, and features EMIreducing PCB designs, double shielding, and low input noise. The hardware distribution includes all circuit and PCB design files, a bill of materials and data sheets for all components, including difficult to find non-ferrous connectors and parts, construction files for automated assembly, and test procedures, compiled together to promote rapid and organized development. The software distribution includes data acquisition software from high-level LabView virtual instruments (VIs) down to low-level firmware, as well as high-level real-time processing functions implemented in LabView. This open-source system will allow end-users to build an MRI-compatible electrophysiological acquisition system, with the ability to modify the design to their individual specifications, and to This manuscript is organized into five main sections: (1) Introduction, (2) Materials and Methods, (3) Results, (4) Discussion, and (5) Conclusions. Principles of design for instruments used in the MRI are discussed in Section 1. In Sections 2.1 and 2.2 we provide an overview of the hardware and software design, as well as their open-source dissemination. In Section 2.3, we describe data recording and real-time processing examples, with results of these examples presented in Section 3, In Section 4 we discuss other applications and future work. Table A .1 provides a list of acronyms used in this paper.
Materials and methods
The HF-1 system is organized into a number of hardware and software subsystems. The hardware is organized into eight main subsystems ( Fig. 1): (1) an external amplifier unit, (2) an antialiasing and level shifting stage, (3) an analog-to-digital conversion (ADC) stage, (4) a programmable microcontroller unit (MCU) for controlling ADC functions, (5) an optical communications unit for acquisition control and data transfer based on the universal serial bus (optical USB), (6) a computer for data display, recording, integration with external signals such as event triggers and physiological monitoring, and real-time signal processing, (7) an optional external buffer unit to interface with high impedance electrodes, and (8) an optional electrode adapter unit for use of individual EEG electrodes during non-MRI studies. The software system is organized into four main subsystems ( Fig. 2): (1) microcontroller (MCU) code for low-level data acquisition control, (2) high-level graphically based data acquisition software written in LabView (National Instruments, Austin, TX), (3) high-level realtime processing modules written in LabView, and (4) Matlab-based post-processing utilities (Mathworks, Natick, MA). HF-1 is compatible with MRI at field strengths of up to 7 T, and can be used for both EEG and more general electrophysiological recordings such as local field potential (LFP) or multi-unit activity (MUA) using the external buffer unit for high impedance electrodes. In this section we provide a brief overview of hardware and software design.
Hardware overview
The main features of the HF-1 hardware system are:
1. Variable sampling rate of up to 20 kHz per channel. 2. Bandwidth from DC to one of two hardware-specified values (default 300 Hz or 4 kHz). 3. High dynamic range achieved through use of 24-bit analog-todigital converters (ADC). 4. Low input noise (<1 V peak-to-peak). 5. Programmable microcontroller unit (MCU) to permit end-user customization of data acquisition functions. 6. Option to synchronize between electrophysiological acquisition and MRI acquisition clock to improve gradient artifact removal. 7. Tested at MRI field strengths of up to 7 T. 8. Optical USB communications unit for simple and reliable digital data transfer to acquisition computers. Tables 2 and 3 provide a summary of HF-1's technical specifications. The system (Fig. 1) is typically connected to an MRI-compatible electrodes designed to prevent RF-related heating using distributed resistance leads ("Ink Cap") (Angelone et al., 2004; Vasios et al., 2006) . Amplification is performed by an external amplifier unit, while anti-aliasing filtering, level shifting, and analog-to-digital conversions are performed by the data acquisition unit. The data acquisition unit is non-ferromagnetic and can be placed inside the bore, but is usually placed outside the bore to reduce pickup of magnetic gradient artifacts. The digitally sampled electrophysiological data are buffered, packaged into discrete "data packets" (described below), and then transferred via optical USB. The system is powered by two 12-V lead acid batteries, and in this way is isolated from electrical mains.
The HF-1 hardware has been carefully designed to minimize hardware interactions with the static magnetic, gradient magnetic, and radiofrequency fields (see Table 1 ). All components in HF-1 are non-ferromagnetic, and are fully specified with part numbers and vendors in the open-source distribution bill of materials (described in Section 2.2.4). These non-ferromagnetic components include aerospace-grade connectors made from non-ferrous stainless steel, chassis constructed from plastic, aluminum, and copper, and integrated circuits (ICs) that have been screened for ferromagnetism using high-field neodymium magnets and the MRI static field itself. Magnetic screening of ICs is required because the metallurgy of ICs is rarely specified in the data sheets. Interactions with the gradient magnetic field are controlled by minimizing the size of loops formed on PCB traces. Radiofrequency (RF) interference is controlled in three ways: (1) PCB layouts designed to minimize RF emissions and reception, (2) double-shielding on cables and chassis, and (3) capacitive filter connectors to minimize RF emissions through apertures in the shielded chassis.
The first-stage amplifier uses the Analog Devices AD620B instrumentation amplifier (Analog Devices, Norwood, MA) . The AD620B features low gain nonlinearity (10 ppm), high bandwidth (120 kHz with gain of 100), and wide power supply range (V S = ±18 V) and output range (within 1.2 V of V S ) to accommodate the potentially large gradient artifacts encountered in electrophysiological recordings taken during MRI (Analog, 2004) . The gain (G) on the external amplifier unit is set during board construction depending on the dynamic range required. In situations where background noise levels are high, due to the helium pump, high slew-rate gradients, or when conventional EEG caps are used, the gain is set to G = 50 to provide a wide input range of input range of −176 to +174 mV. If background noise levels are lower, for instance when using EEG caps with resistive leads to reduce RF and gradient noise coupling , a higher gain setting of G = 500 is used, providing an input range of −17.6 to +17.4 mV. ADC functions are performed by the Texas Instruments ADS1254E, a low-power, low-noise, high-speed ADC whose 24-bit resolution provides the high dynamic range required for electrophysiological recordings during MRI (Texas instruments, Dallas, TX). Each ADS1254 chip has four differential inputs, which can be multiplexed at a rate of up to 1 kHz per channel (Instruments, 2001 ). Alternatively, a single channel can be sampled at up to 20 kHz. To provide 32 acquisition channels, an architecture using 8 ADS1254's was chosen, each running with 4-channel multiplexing at 1 kHz. If a higher-rate sampling is required, a single channel from each ADS1254 can be sampled, giving 8 channels at 20 kHz per channel. The sampling scheme can be selected at a high-level in the LabView data acquisition software, or at a low-level by interacting directly with the MCU. The analog input to each ADS1254 is first anti-alias filtered and then re-scaled to a 0-5 V dynamic range using an op-amp-based scaling and level-shift circuit (Instruments, 2001) . Anti-aliasing filtering is achieved using a one-pole lowpass RC divider with software-selectable cutoff frequency, yielding a bandwidth of DC to either 300 Hz or 4 kHz. The selection is performed by a MCU-controlled transistor switch that controls the capacitance of the RC circuit, and can be controlled with HF-1's LabView data acquisition software. If necessary, these cutoff frequencies can be adjusted during board construction by changing the component values of the RC divider. In addition, the ADS1254 has its own anti-aliasing filter from DC to 4.24 kHz.
The ADS1254 provides a 19.1-bit RMS effective resolution due to inherent noise within the integrated circuit, which provides an effective resolution of 0.71 V in the least significant bit (LSB) when the gain is set to G = 50, and an effective resolution of 0.071 V LSB when the gain is set to G = 500. Noise measurements were performed in a shielded room (Braden Shielding Systems, Tulsa, OK) with all amplifier inputs short circuited to ground, yielding a peak-to-peak noise of 6 V when the gain is set to G = 50, and a peak-to-peak noise of 0.6 V when the gain is set to G = 500. For the recordings described in Sections 2.3 and 3, a gain of G = 50 was used.
Signal-to-noise within the MRI scanner is improved by placing the external amplifier unit close to the study subject and electrodes, allowing the signal to be amplified before MRI-related noise sources can be picked up. These noise sources come primarily from the gradient and static magnetic fields (e.g., gradient switching, vibrations from helium pump). To minimize noise coupling from these sources, several measures are taken. The chassis and cabling are all double-shielded to reduce RF noise coupling. The external amplifier unit has been designed with a compact circuit layout that reduces gradient and static magnetic noise pickup. The USB and ADC subsystems, which tend to have larger circuit boards due to their higher level of complexity, are located outside the MRI bore to further reduce magnetic noise coupling.
Data are transmitted via optical USB interface to a computer located outside the MRI scanner room. Auxiliary input signals such as event triggers or additional analog signals are integrated with the main electrophysiological data using a National Instruments NI USB-6210 multifunction data acquisition unit (National Instruments, Austin, TX). Data acquired on the NI USB-6210 are synchronized with the main electrophysiological acquisition by a sampling clock sent from the HF-1 data acquisition unit via optical link (Versatile Optical Link, Avago Technologies, Palo Alto, CA). The HF-1 data acquisition unit can also receive external synchronization signals (Fig. 1) . One signal synchronizes data acquisition with the MRI scanner's TR or trigger pulse, a TTL pulse that signals the start of each volume acquisition in fMRI. The other external synchronization signal substitutes the onboard 48 MHz system clock with an external 48 MHz clock generated by a direct digital synthesis (DDS) device driven by the MRI Scanner's 10 MHz clock.
Software overview
The main subsystems of the HF-1 software are:
1. Microcontroller (MCU) firmware for low-level data acquisition control. 2. Data acquisition software written in LabView (National Instruments, Austin, TX). 3. Real-time processing modules written in LabView. 4. Matlab-based post-processing utilities.
These software subsystems are open source, and are documented and organized to facilitate end-user customization and further development.
MCU firmware and data packet specification
The MCU firmware provides low-level control of data acquisition functions such as reading data from the ADCs, assembling the data into packets, and then placing these data packets into a buffer for transfer by the optical USB unit. The firmware was written in C and assembler, and was structured to facilitate customization as well as porting to other programming languages as newer or more powerful MCU hardware become available. The typical HF-1 user would not have to interact directly with the MCU firmware, as most functions can be controlled from the high level LabView data acquisition and real-time processing software (discussed below). However, this remains an option for more advanced applications and hardware modifications.
The data packet format is shown in Fig. 3 . Each data packet begins with an 11-byte header that identifies the beginning of every packet, indicates the system status, and specifies the data size. The first 8 bytes of the header contain a fixed pre-set sequence that is used to identify the beginning of a packet. The next byte ("status byte") indicates the channel number and sampling routine (either sampling from a single channel on each ADC or "rotating" through all four channels in succession), as well as the value chosen for the anti-aliasing filter (either 300 Hz or 4 kHz). The remaining 2 bytes specify the data set size. The raw data are transmitted after the header. When sampling from a single channel on each ADC at 20 kHz, a maximum of 16 data frames can be transmitted per packet, with 8-channels per frame. When sampling from all four channels on each ADC at 1 kHz per channel, a maximum of 4 data frames can be transmitted per packet, with 32-channels per frame. The data packet is designed to send data sets of any size, so data sets are divided into several data packets, with the remainder of data awaiting transfer indicated in the last two bytes of the header ("data set size"). Given the 11 bytes header, 373 of the 384 bytes in each packet contain data, yielding an overhead of 2.9%. Data packet parsing is handled automatically within the included LabView data acquisition software.
LabView data acquisition and real-time processing software
The HF-1 data acquisition and real-time processing software were written using the National Instruments LabView 8.2 programming language (National Instruments, Austin, TX) under Microsoft Windows (Microsoft, Richmond, WA). LabView is a high-level graphical programming language that facilitates rapid development of data acquisition and real-time processing applications through its intuitive graphical programming language and its wide assortment of built-in data acquisition, data display, and data analysis functions. Fig. 4 shows the top-level block diagram of the LabView code, annotated to illustrate the location of modules that control initialization, data acquisition from HF-1 via USB, data acquisition from external digital I/O lines (from the NI USB-6210), keyboard and display controls, and real-time processing. The real-time processing module operates on trigger-driven windows of data, with user configurable pre-and post-trigger data segments. Low-, high-, or bandpass filtering can be applied to the data prior to window selection and real-time processing, with filter settings that are independent of any filtering chosen for data display or data storage. The user is also able to specify separate amplitude rejection limits for each channel to improve the data quality entering into the real-time processing stream. The real-time module operates on all acquired channels simultaneously, but can also be configured to operate on subsets of channels if desired.
The data acquisition and real-time processing software run on Microsoft Windows XP Professional (version 5.1, service pack 2; Microsoft Corporation, Redmond, WA), on a Sony Vaio Laptop (VGN-FE590P; Sony USA, New York, NY) with 2 GHz Intel Core Duo T2500 central processing unit (CPU; Intel x86 Family 6 Model 14 Stepping 8; Intel Corporation, Santa Clara, CA) and 2 GB RAM.
Approximately 80% of the CPU's resources are utilized to run LabView 8.2 and the data acquisition and real-time software. For comparison, a low-level C program for acquiring the EEG data (without display or real-time processing) uses approximately 10% of the CPU's resources. Data acquisition from the USB interface utilizes a peak bandwidth of approximately 600 kilobytes/s, or 40% of the full speed USB 1.1 bandwidth.
Matlab-based post-processing utilities
The data recorded by the DAQ application are stored in three separate files: a *.dat file that holds the raw binary electrophysiological data, a *.trg file that stores the external trigger and external signal information, and a *.evn file that stores keyboard annotations, all with the same base filename (e.g., file.dat, file.trg, file.evn). This triplet of files can be read into Matlab using utility functions included with the HF-1 software distribution. Once in Matlab, the data can be post-processed or converted to other file formats.
Software and hardware dissemination
The HF-1 software and hardware designs are freely available at http://www.nmr.mgh.harvard.edu/abilab. Users must agree to a free licensing agreement prior to software and hardware design download, in accordance with Harvard Medical School and Massachusetts General Hospital policies. The software is compatible with LabView 8.2 or later (National Instruments, Austin, TX), under a Microsoft Windows XP operating system (Microsoft, Richmond, WA). The hardware distribution is summarized in Fig. 6 . The hardware design, including both circuit schematics and print circuit board (PCB) layout, are provided in Orcad format. Detailed hardware construction files are also provided to help the end-user build a complete system. Gerber files are provided for PCB construction. The bill of materials (BOM) specifies all required components, along with component specifications, data sheets, and sourcing information such as vendors and part numbers. Files to drive automated pick-and-place circuit board population and assembly are also included, as well as test procedures for each of the HF-1 circuit boards. With these construction files, most of the system can be built in a largely automated fashion. Manufacturing requirements for each of the HF-1 sub-assemblies is listed in Table 4 . At the time of writing, the cost of constructing the base 32-channel HF-1 hardware, including parts, PCB fabrication, and assembly, would be approximately $10,000 (USD). The approximate cost breakdown for the HF-1 hardware is listed in Table 5 .
Data recording and real-time processing examples
At the time of writing, the HF-1 system has been used by six different laboratory groups at the MGH/HST Martinos Center for Biomedical Imaging (Charlestown, MA) and the Naval Submarine Medical Research Laboratory (Groton, CT) in over 100 recording sessions during a period of approximately 3 years. In this paper we will report data from 52 study subjects recorded over this time period. Applications have included auditory and somatosensory EEG/fMRI, visual evoked intracranial recordings in non-human primates during fMRI, EEG/fMRI studies during sleep and general anesthesia, and EEG recordings within a hyperbaric chamber. Recordings during MRI were performed within Siemens 7 T, 3 T (Trio), and 1.5 T (Sonata) scanners (Siemens, Erlangen, German). Recordings during 7 T fMRI, as well as some 3 T recordings, were performed using an 32-channel EEG cap whose leads were constructed from a resistive carbon silver ink-based flexible circuit to prevent RF heating and improve both image and EEG quality, which we will refer to below as the "Ink Cap" . Table 2 shows the number of studies performed according to study type. All human studies were conducted with the approval of the Human Research Committee at the Massachusetts General Hospital (for auditory, somatosensory, sleep, and general anesthesia studies), and by the Institutional Review Board at the Naval Medical Submarine Laboratory (hyperbaric chamber recordings). All animal recordings (non-human primates) were conducted with the approval of the Subcommittee on Research Animal Care at the Massachusetts General Hospital. A description of each of the studies is provided below, with example data presented in Section 3.
Real-time visual evoked potentials (VEPs, outside scanner)
VEPs were recorded outside the scanner to test the function of the time-domain real-time event-related potential averaging module. The study subject was presented a full-field flickering checkerboard with inter-stimulus interval of 500 ms, alternating between 15 s of stimulus and 15 s of fixation and rest. Electrodes were placed at O1 and O2, referenced to M1, and recorded at 978 Hz, with amplitude epoch rejection limits set to ±100 V in the realtime averaging module. One study subject was studied under this paradigm.
Alpha wave recordings (7, 3, and 1.5 T)
Alpha waves were recorded by asking a study subject to lay quietly in the static field with eyes closed. Recordings at 7 and 3 T were made using the HF-1 system, sampling at 978 Hz with 32 channels. Recordings at 7 T used the 32-channel Ink Cap with medium-impedance leads (∼2 to 5 k distributed across lead), while recordings at 3 T used either the same cap, a high-impedance version of that cap (∼20 to 30 k distributed across lead), or an 8-channel electrode set constructed with low impedance carbon fibers (see Section 2.3.3 for details). Alpha waves were also recorded at 1.5 T using a 32-channel OptiLink/SynAmps recording system (Compumedics Neuroscan, Charlotte, NC) with a 32-channel MRI compatible Quickcap (Compumedics Neuroscan, Charlotte, NC) modified to employ a bipolar montage to reduce ballistocardiogram noise. The 1.5 T data were previously reported in (Bonmassar et al., 2002) . Alpha waves were recorded in 9 subjects at 7 T, 13 subjects at 3 T, and 6 subjects at 1.5 T.
Radio frequency (RF) interference testing (3 T)
The RF attenuation of the shielding enclosure was demonstrated by comparing localizer (3 T, 10 mm slice thickness, 0.55 mm inplane resolution, 512 × 512 matrix, TE = 5 ms, TR = 20 ms, 40 • flip angle) and functional images (4 mm slice thickness, 1 mm skip, 3.1 mm × 3.1 mm in-plane resolution, 64 × 64 matrix, coronal orientation, TE = 30 ms, TR = 9 s, 90 • flip angle) with the shielding chassis in place and then removed. The localizer was chosen for comparison because it is empirically more sensitive to RF noise from the instrument than other sequences. One study subject was studied with shielding chassis removed, while the remainder of 3 T measurements with shielding in place were drawn from the auditory studies described below.
Auditory EEG/fMRI (3 and 7 T)
Subjects were presented one of two types of auditory stimuli to elicit either the 40-Hz auditory steady state response (ASSR) or the midlatency auditory evoked potential (MLAEP). For the ASSR, study subjects were presented with 30 s trains of 12.5 ms noise bursts at 40-Hz, in a 30-s stimulus ON, 30 s stimulus OFF pattern over a 15 min run (both at 7 and 3 T). For MLAEP, subjects were presented 100 ms 1/3-octave pink-noise bursts with a center-frequency of 1 kHz and an inter-stimulus interval of 2 s, arranged in a 30 s ON/OFF block paradigm (7 T only). Stimuli were delivered using a laptop running Presentation (Neurobehavioral Systems, Inc., Albany, CA) with an Echo Indigo 24-bit PCMCIA audio card (Echo Digital Audio Corporation, Carpinteria, CA) and Koss ESP-950 electrostatic headphones retrofitted by our group for MRI-compatibility (Koss Corporation, Milwaukee, WI) or MR Confon Optime 1 headphones (MR Confon, Madeburg, Germany). Recordings at 3 T were made using an 8-channel bipolar montage (M2 → T8, T8 → C6, C6 → C4, C4 → Cz, Cz → C3, C3 → C5, C5 → T7 and T7 → M1), with leads constructed from low impedance carbon fibers (Marktek FiberOhm, 7 /in., ∼150 total; Marktek Inc., Chesterfield, MI), while recordings at 7 T were performed using the 32-channel Ink Cap with medium-impedance leads (∼2-5 k distributed across lead), at a sampling rate of 978 Hz in both cases. Functional MRI acquisitions were arranged according to a "long TR" auditory fMRI design, with 15-slice volume acquisition in 1 s followed by an 8-9 s silent period (at 3 T: 4 mm slice thickness, 1 mm skip, 3.1 mm × 3.1 mm in-plane resolution, 64 × 64 matrix, coronal orientation, TE = 30, 90 • flip angle, with cardiac gating to achieve TR of ∼9 s; at 7 T: 3.1 mm slice thickness, 1.15 mm skip, TE = 20, TR = 10 s, without cardiac gating). This long TR arrangement allows hemodynamic responses elicited by acoustic scanner noise to subside before the next volume acquisition (Hall et al., 1999 (Hall et al., , 2000 . Structural MRI at 3 and 7 T were acquired using a T1-weighted MPRAGE sequence (1.3 mm thick, 1.3 mm × 1 mm in-plane resolution, TR/TE = 2530/3.3 ms, 7 • flip angle). A total of 21 subjects were studied using the ASSR paradigm, 8 at 7 T and 13 at 3 T. One study subject was studied with MLAEP at 7 T.
ASSRs were computed in the frequency domain using multitaper spectral analysis (Percival and Walden, 1993 ) from 4-s EEG windows x n (t) (M1 → Cz) centered 4-s prior to each volume acquisition (Fig. 7) . This arrangement reflects the observation that the BOLD hemodynamic delay from stimulus onset is approximately 4-s (Hall et al., 1999; Hall et al., 2000) . For each window, the EEG was linearly detrended and power spectra were computed and averaged separately for stimulus ON and OFF conditions using the multitaper method (Percival and Walden, 1993) , with time-bandwidth product NW = 4:
where P(ω, n) represents the power spectral estimate corresponding to the nth EPI volume, and N ON and N OFF represent the number of EEG windows corresponding to stimulus ON and stimulus OFF conditions, respectively. In cases where EEG windows overlapped the transition from ON to OFF or vice versa, the window was assigned to the condition with the majority of overlap with the window. To summarize the 40-Hz response over the entire recording run, the power ratio S(ω) was computed:
To represent temporal variations in the ASSR, the 40-Hz amplitude (square-root of power) time series was computed a(n) = P(ω, n)| ω=40 Hz . This amplitude time-series was then used as a regressor in an fMRI time-series model with polynomial drift terms and an ON/OFF indicator function convolved with a gammafunction, fitted using the program "3dDeconvolve" in the AFNI software package (Cox, 1996) .
Real-time auditory EEG-fMRI (3 T)
Real-time 40-Hz ASSR were acquired at 3 T using a long-TR design with a fixed 10-s TR (10 coronal slices, 4 mm thick, 1 mm skip, 3.1 mm × 3.1 mm in-plane resolution, 64 × 64 matrix, TE = 30, 90 • flip angle, volume acquisition time of 626 ms). A 4-s train of 40-Hz noise bursts was presented in the second half of each silent interval, cycled in 30 s ON/OFF blocks. Two study subjects were studied under this paradigm, with EEG recorded from Cz and Fz, referenced to M1, at 978 Hz in each subject, and in a separate session using the high-impedance version of the 32-channel "Ink Cap" in one of the subjects. The real-time EEG processing module was configured to segment windows of EEG data containing this 4-s stimulus, with a 4-s pre-stimulus baseline (Fig. 8) . With each stimulus, the running average of the power spectra was updated, and the power ratio was updated as well:
Each EEG data window was linearly detrended, and the power spectrum was estimated using the periodogram (Percival and Walden, 1993) , chosen for its computational simplicity. At the same time, real-time fMRI activation maps were computed using the Neuro3D feature of the Siemens Numaris 4 Syngo MR B15 MRI acquisition program (Siemens, Erlangen, Germany).
Intracranial visual evoked potentials in non-human primates
Intracranial visual evoked potentials were measured in nonhuman primate (Macaca mulatta) during fMRI in a head-only 3 T MRI scanner (Siemens Allegra,; Siemens, Erlangen, Germany). Twenty-six Teflon coated platinum-iridium microwires (25 m diameter, 90% platinum, 10% iridium from California Fine Wire Company, Grover Beach, CA) were manually inserted normal to the cortical surface to depths of 2-6 mm, along the rostral bank of the arcuate sulcus. Each wire tip was beveled and stripped of ∼40 m of Teflon coating prior to insertion, giving a total surface of ∼3600 m 2 . Measured impedances of the electrodes were between 34 and 61 k (at 100 Hz). An external impedance buffer was constructed to provide a 5 k input impedance to the HF-1 amplifiers. Gradient echo T2*-weighted echo planar images (50 coronal slices, 64 × 64 in-plane matrix, TR = 3 s, TE = 25 ms, 1.25 mm × 1.25 mm × 1.25 mm voxels, flip angle = 90 • ) were acquired with a single saddle-shaped, radial transmit-receive surface coil (12 cm diameter) positioned over the monkey's head. To minimize the effect of gradient artifacts on the intracranial potential recordings, 3 s fMRI scans were interleaved with 3 s silent periods. The visual stimulus consisted of a full screen (16 • ) radial checkerboard flicker, presented for 500 ms. To reliably record visual evoked potentials, the study subject was trained on a visual fixation task, and eye position was monitored at 120 Hz using an infrared pupil/corneal reflection tracking system (RK-726PCI, Iscan Inc., Burlington, MA). Criteria performance was defined as greater than 90% within a 2 • × 2 • window. Visual stimuli were projected at 1024 × 768 resolution and 60 Hz refresh rate, from a LCD projector onto a translucent screen 52 cm from the animals' eyes. A total of 100 responses were used to create an averaged waveform. Because the results of these experiments will be presented in other publications focused on neuroscience, in this paper we will show only the evoked potential data, and corresponding gradient-echo T2* images (without activation maps) to demonstrate the capabilities of the HF-1 system. A total of two subjects, one featuring three sessions, another with one session, were studied under this paradigm.
Sleep studies (3 T)
Study subjects were asked to sleep inside the MRI scanner during EEG and fMRI measurements. Subjects were allowed to adapt to sleeping in the MRI scanner during two prior sessions, one in a "mock" scanner, and another in a real MRI scanner. Scanning was conducted with an interleaved sequence, with volume acquisition in 2 s, followed by a 4-s silent period (35 slices, 3 mm × 3 mm × 3.5 mm, oriented parallel to the AC-PC, TR = 2 s, TE = 30 ms, flip angle = 90 • ). Ballistocardiogram artifacts were removed from the EEG using Kalman adaptive filtering with a motion sensor reference signal (Bonmassar et al., 2002 ) EEG (M1 → Cz, M1 → Oz) were used to observe sleep-related EEG patterns for sleep scoring. Because the results of these experiments will be presented in other publications focused on clinical medicine and neuroscience, in this paper we will show only the EEG data collected during sleep inside the MRI to demonstrate the capabilities of the HF-1 system. A total of seven subjects were studied under this paradigm.
General anesthesia studies (3 T)
General anesthesia was induced with the drug propofol in healthy post-laryngectomy patient volunteers. The study subjects' airways were secured using cuffed tracheostomy tubes prior to induction to provide ventilation support for subject safety, and to maintain a stable CO 2 levels to prevent CO 2 -induced changes in cerebral blood flow. Hospital standards for off-site administration of general anesthesia were strictly followed, and at least two anesthesiologists, plus a third ACLS-certified person, were present at every study. Study subjects were imaged using the cardiac-gated EEG/fMRI paradigm for 40-Hz ASSR described earlier in Section 2.3.2 at baseline and during induction of general anesthesia. Propofol was administered at effect-site target concentrations of 1.0, 2.0, 3.0, and 4.0 g/ml using the computer program STANPUMP (Shafer and Gregg, 1992 ) with a Harvard 22 Infusion Pump (Harvard Apparatus, Holliston, MA). Because the results of these experiments will be presented in other publications focused on clinical medicine and neuroscience, in this paper we will show only a subset of the ASSR and fMRI data to demonstrate the capabilities of the HF-1 system. A total of eight subjects were studied under this paradigm.
Hyperbaric studies
The HF-1 acquisition system was placed inside a hyperbaric chamber and USB and SYNC signals were sent through a penetration panel in order to acquire data from outside the chamber. The 40-Hz auditory stimuli described in Section 2.3.2 were delivered to study subjects during EEG recording with HF-1 at normal pressure, 190 feet (∼6 atmospheres pressure), and again at normal pressure, in order to observe electrophysiological effects of hyperbaric nitrogen narcosis. Recordings were limited to safe exposure times described in the United States Navy Diving Manual (United States Dept. of the Navy, 1985) . The study subject was in a seated position within the hyperbaric chamber during these studies, and auditory stimuli were delivered through a loudspeaker. A total of five subjects were studied under this paradigm. Fig. 9 shows a montage of hardware distribution images for the HF-1 system. Fig. 9A shows the schematic for the digital portion of the data acquisition unit (MCU and USB Interface) in Orcad format. This schematic is linked to the print circuit board (PCB) layout (Fig. 9B) , also in Orcad format. The PCB design is double-sided, with eight layers and 5-mil traces, laid out to minimize transmission of RF fields that could interfere with MRI. Fig. 9C shows the fully assembled circuit board for the analog input portion of the data acquisition unit, illustrating the compactness of the PCB, achieved through careful layout and use of surface mount components down to 0402 footprint size. Fig. 9D shows the fully assembled HF-1 data acquisition unit with cover removed, illustrating use of copper-clad Kapton internal shielding to further reduce RF transmission. PCB Gerber files, a complete bill of materials (BOM) with data sheets for all components, automated pick-and-place assembly files, and test procedure files are also included in the hardware distribution (not shown). Fig. 10 shows the fully assembled HF-1 hardware system with all components. Fig. 5 shows a detailed view of a screenshot of the time-domain real-time ERP averaging during a VEP experiment after 120 averages. Fig. 10 shows a comparison of alpha waves recorded at 1.5 T using an Optilink/Synamps + QuickCap setup, compared with alpha waves recorded at 3 T using an HF-1 + high impedance Ink Cap setup. The 1.5 T data shows large ballistocardiogram (BCG) artifacts that obscure the alpha waves, while the HF-1 + high impedance Ink Cap recording shows clear alpha waves, without BCG artifacts. Fig. 12 (panel A) shows an example of alpha waves recorded in the 7 T static field after motion sensor-based adaptive filtering (Bonmassar et al., 2002) . Fig. 11 illustrates the effectiveness of the shielding enclosure. During one recording session, the cover to the ADC chassis was removed during imaging (middle column of Fig. 11 ), resulting in poor image quality compared to images acquired without simultaneous EEG (left column of Fig. 11) . In a separate imaging session, with the shielding in place, image noise levels are at nominal levels (right column of Fig. 11 ). Fig. 12 shows examples of auditory EEG/fMRI recorded at 7 T using the HF-1 system. The middle panel (Fig. 12B) shows an exam- ple of an auditory evoked potential (AEP, left) recorded during interleaved fMRI at 7 T (right). The activation map (left) is shown overlaid on the gradient echo functional image to illustrate the absence of RF-noise artifacts on the 7 T functional images. The lower panel (Fig. 12C) shows an example of a 40 Hz auditory steady-state response (ASSR, left), shown as a ratio of power spectra comparing stimulus ON versus stimulus OFF periods, also recorded with interleaved fMRI at 7 T (right). Fig. 13 shows an example of the fMRI time series fit in the auditory cortex during 7 T EEG/fMRI when the ASSR amplitude is included as covariate in the fMRI regression model, showing a good correspondence between model fit and temporal fluctuations in the fMRI signal (P = 0.0145 for partial F-test for inclusion of ASSR amplitude term in time series model). In Figs. 12 and 13, one can observe the "central brightening effect" seen in 7 T MRI, due to the dielectric properties of tissues and a resonance effect observed at 300 MHz when using birdcage head coils (Vaughan et al., 2001; Wiggins et al., 2005) .
Results: performance examples and dissemination
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VEP (outside scanner), alpha wave (3 T), and RF noise recordings (3 T)
Auditory EEG/fMRI at 7 T
Real-time auditory EEG/fMRI at 3 T
Figs. 14 and 15 show real-time processing of ASSR during fMRI at 3 T. The top panel of Fig. 14 shows a screen shot of the realtime ASSR (RT-ASSR) module. The left side of the RT-ASSR display shows the most recent update of the ASSR power ratio estimate, in this case showing the results after 19 stimulus presentation epochs (approximately 6 min). The right side of the RT-ASSR dis- Fig. 11 . Effectiveness of RF shielding system for HF-1 amplifier and data acquisition units (3 T). Images taken without shielding (middle column) show a drastic reduction in image quality compared to normal MR images (left column) due to noise from digital processes within the data acquisition unit. When the shielding enclosure is in place, the background noise returns to nominal levels (right column).
Fig. 12.
Examples of human EEG and fMRI recorded at 7 T using the HF-1 system: (A) alpha waves recorded in the 7 T static field after motion sensor-based adaptive filtering (Bonmassar et al., 2002) ; (B) auditory evoked potentials (AEP, left), recorded during interleaved fMRI at 7 T (right), with the functional map overlaid on the raw gradient echo image to illustrate the absence of RF-noise artifacts; (C) 40 Hz auditory steady-state responses (ASSR, left) also recorded with interleaved fMRI at 7 T (right). play shows the running history of ASSR power ratio updates in a 3D plot. The RT-ASSR module can work on all EEG channels simultaneously, and includes options for online amplitude-based artifact rejection as well as lowpass, bandpass, or highpass filtering (not shown). A time-domain averaging module is also included with the HF-1 distribution for real-time processing of time-domain ERPs (Fig. 5, showing VEPs). The bottom panel shows a screen shot of real-time fMRI activation maps produced by the Neuro3D feature of the Siemens Numaris 4 Syngo MR B15 MRI acquisition program, acquired at approximately the same time as the RT-ASSR. In Fig. 15 , we show several snapshots as time progresses during the same ASSR/fMRI study in a different study subject, with fMRI on the left, and a close-up of the RT-ASSR running history display on the right. Fig. 17 shows alpha wave (top) and slow-wave (bottom) EEG patterns obtained during natural sleep during interleaved fMRI. Ballistocardiogram artifacts were removed using adaptive filtering (Bonmassar et al., 2002) . During the first two seconds, the imaging (gradient) artifact can be observed, with a rapid recovery facilitated by HF-1's DC frequency response. The slow-wave EEG pattern shows a characteristic high-amplitude, low frequency pattern, also facilitated by the DC frequency response of the system. The alpha oscillations show a characteristic 8 to 12 Hz frequency and lower amplitude. These EEG recordings were used for sleep scoring. Fig. 18 shows ASSR and fMRI data from a study subject who received propofol anesthesia. Compared to baseline, the ASSR decreases at the 1 g/ml target concentration level, and disappears at the 2 g/ml level. Meanwhile, at 2 g/ml, where the subject is unconscious (bottom right), fMRI activity in primary auditory cortex persists (middle right), suggesting that auditory processing is preserved after loss of consciousness. Fig. 19 shows the ASSR power ratio at the baseline state (top), at 190 feet below sea level (fsw) (middle), and after recovery to normal pressure (bottom). At 190 fsw, the 40-Hz response is greatly attenuated compared to baseline and recovery to normal pressure. During these recordings, the HF-1 acquisition system was exposed to extreme pressures (∼6 atmospheres), high rates of pressure change (5 atmospheres in ∼ 3 min), as well as large temperature changes (room temperature to 40 • C in ∼3 min). SNR and noise level of the instrument was assessed in a different experiment where the instrument was placed in a hyperbaric instrument chamber, and SNR and noise level did not change in a significant way.
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Discussion
The HF-1 system is an open-source hardware and software system for acquisition and real-time processing of electrophysiology during fMRI. The open-source aspect of this system allows end-users to develop and customize all aspects of hardware and software to suite their specific application. The open-source nature of the HF-1 hardware is particularly important for MRI-related applications, as it provides researchers with a data acquisition hard- ware template that meets the stringent and costly requirements of MRI-safety and compatibility as well as electromagnetic compliance. The integrated software subsystems are user-customizable at all levels of organization, from low-level MCU firmware to highlevel data acquisition and analysis software. The HF-1 open-source software allows end users to rapidly develop customized real-time acquisition and processing applications. Within neuroscience and clinical medicine there is a growing need for such real-time acquisition and processing solutions, for applications including epilepsy, neurofeedback, sleep studies, and electrophysiological drug studies.
Hardware for simultaneous EEG and fMRI have been developed independently in numerous laboratories (Allen et al., 1998; Garreffa et al., 2004; Goldman et al., 2000; Mirsattari et al., 2005) , and are also available commercially from a number of manufacturers such as BrainProducts (Munich, Germany) or Neuroscan-Compumedics (El Paso, Texas). Hardware for electrophysiological recordings during fMRI in animals has also been developed (Logothetis et al., 2001 ). However, none of these systems provide a complete open-source solution integrating MRI-compatible hardware with user-customizable real-time software. The OpenEEG Project, http://openeeg.sourceforge.net/doc/, is an open-source EEG hardware system that provides an avenue for low-cost EEG acquisition. The OpenEEG system lacks the MRI-specific design features, the specifications and files for automated hardware assembly, and the degree of software integration found in HF-1. Stand-alone systems and software for real-time processing of EEG/fMRI have also been reported in the literature (Garreffa et al., 2003; Mirsattari et al., 2005) . Compared with other data acquisition and real-time processing software, the HF-1 software has the advantage that it has been developed within the user-friendly LabView graphical programming environment, facilitating rapid development of realtime signal processing modules, as well as data acquisition and display modules that can be completely customized to the enduser's specific needs.
A basic use for real-time signal processing is to assess whether or not an adequate amount of data have been recorded during a particular experiment. For simultaneous ERP/fMRI studies, real-time ERP averaging can be used to examine ERP signal quality to ensure that enough ERP epochs have been recorded. Sources of poor signal quality include subject level of arousal, subject movement, and electrode impedance, for instance, all of which can be difficult to detect during a study. Examining ERP results in real-time can help investigators detect and debug problems immediately, resulting in a tremendous savings of time and effort, not to mention peace of mind. For sleep, anesthesia, or resting-state EEG/fMRI studies, which often examine the spectral content of EEG signals as a variable of interest, real-time analysis of frequency spectra could be useful in monitoring the study subject's state. In this paper, we have illustrated both real-time ERP averaging and frequency-domain analyses with real-time 40-Hz ASSR calculations.
Beyond ERP averaging and spectral analysis, one can imagine many new and important applications for real-time processing of electrophysiology during fMRI. For epilepsy studies, a real-time spike detection module could be used to determine whether a sufficient number of interictal spikes have been observed during an experiment. Similarly, a real-time sleep scoring module could be used to ensure that adequate amounts of data are being recorded during each desired stage of sleep. Numerous automatic sleep scoring systems have been proposed (Analog, 2004; Anderer et al., 2005; Atamer et al., 2002; Callini et al., 2000; Chang et al., 1988; Heiss et al., 2002; Holzmann et al., 1999; Korpinen et al., 1994; Penzel and Conradt, 2000; Principe et al., 1989; Smith, 1985, 1986; Ray et al., 1986; Schwaibold et al., 2002) and many are commercially available, but have yet to be developed for simultaneous electrophysiology during fMRI. EEG-based neurofeedback during fMRI is another application for real-time processing. Neurofeedback is a technique where study subjects are taught how to modulate, through their own will, neural signals derived from EEG that are presented to the subject in real-time either visually or aurally (e.g., screen showing cursor position related to EEG signal features). This technique is becoming a widely used tool in neuroscience and clinical research, and by its very nature requires real-time signal processing (Basmajian, 1981; Delorme and Makeig, 2003; Fox, 1979; Herrmann et al., 2004; Hill and Raab, 2005; Riddle and Baker, 2005; Sinkjaer et al., 2003) . Real-time processing of electrophysiological signals for neurofeedback during fMRI would provide the means to correlate neurofeedback with simultaneously observed fMRI and identify neural systems involved in neurofeedback. Numerous drugs with sites of action in the central nervous system produce dose-dependent changes in EEG, including general anesthetics (Rampil, 1998) , sedative hypnotics (Veselis et al., 1991) , opioid analgesics (Scott et al., 1985) , and antidepressants (Dumont et al., 2005) . With real-time EEG processing during fMRI, drug levels could be titrated to specific EEG-based endpoints, to allow a systematic investigation of brain function at specific druginduced electrophysiological states. Outside the MRI environment, HF-1's flexible open-source real-time processing and data acquisition could provide a means to implement variable-rate sampling or compression of electrophysiological data in the neurological intensive care unit (NeuroICU). In the NeuroICU, multi-day recordings can generate terabytes of data at the high sampling rates required to observe rare but important high-frequency bursting activity. With variable rate sampling or compression, temporal resolution could be changed in real-time as dictated by the data. The HF-1 opensource system has been designed to provide a flexible starting point to rapidly develop real-time processing solutions for a wide range of studies such as these.
Open-source dissemination of hardware and software developed from public funding helps fulfill the mandate of publicly funded medical research by making tools freely available to the research community and by providing building blocks for future collaborative development. Open-source dissemination of software has enjoyed a long and fruitful history, and such developments within the neuroscience community have made a tremendous impact. Open-source dissemination of hardware has been slower to develop, largely because of the relatively greater difficulty associated with constructing hardware devices compared to installing or modifying software code. However, resources for rapid construction of electronic devices have become readily available. For instance, companies offering services to build PCBs, place and solder components, and test assembled devices can be contracted for a modest fee in most locales or via the internet. The HF-1 system takes advantage of these resources by providing detailed construction files that allow the system to be constructed in a largely automated fashion using such services. In the near term, the increasing availability of such resources will make open-source hardware developments such as HF-1 accessible to many research laboratories. In the longer term, the ongoing development of self-contained electronic fabrication laboratories (e.g., "FAB LAB," http://fab.cba.mit.edu/ (Mikhak et al., 2002) ) will allow researchers with even very modest resources to take advantage of open-source hardware.
Conclusions
The HF-1 open-source hardware and software system presented here is a fully functional integrated hardware and software system for electrophysiological recordings during MRI. This open-source system provides the building blocks for custom MRI-compatible data acquisition hardware, as well as custom data acquisition and real-time signal processing tools that can be rapidly developed within the LabView environment. This is a unique project in that this distribution provides not only open-source software and hardware schematics, but also detailed construction and manufacturing specifications to help end-users build their own system for electrophysiology during MRI with high accuracy and low cost. This system has been used by multiple research groups on applications including studies of auditory, somatosensory, and visual systems, real-time EEG/fMRI, clinical studies including sleep, anesthesia, and hyperbaric physiology, and intracranial recordings from animals.
